Robust Intensity Mapping Analysis against Foregrounds for the Epoch of
  Reionization by Zhou, Meng et al.
Robust Intensity Mapping Analysis against Foregrounds for the Epoch of Reionization
Meng Zhou,1 Jianrong Tan,1, 2 and Yi Mao1, ∗
1Department of Astronomy, Tsinghua University, Beijing 100084, China
2Department of Physics & Astronomy, University of Pennsylvania,
209 South 33rd Street, Philadelphia, PA 19104, USA
(Dated: Submitted to Phys. Rev. Lett. September 6, 2020)
Intensity mapping of the HI 21 cm line and the CO 2.61 mm line from the epoch of reionization has
emerged as powerful, complementary, probes of the high-redshift Universe. However, both maps and
their cross-correlation are dominated by foregrounds. We propose a new analysis by which the signal
is unbiased by foregrounds, i.e. it can be measured without foreground mitigation. We construct
the antisymmetric part of the HI-CO cross-correlation, arising because the statistical fluctuations of
two fields have different evolution in time. We show that the sign of this new signal can distinguish
model-independently whether inside-out reionization happens during some interval of time.
Intensity mapping of the 21 cm hyperfine transition
line of atomic hydrogen is currently considered to be one
of the most promising probes of the epoch of reioniza-
tion (EOR) [1, 2]. Upcoming large radio interferome-
ter arrays promise to detect the 21 cm power spectrum
from the EOR for the first time, and will attempt to
obtain the tomographic 21 cm imaging (see, e.g. [3]).
As a complementary probe, intensity mapping of the
2.61 mm (J = 1 → 0) spectral line of the 12CO (carbon
monoxide)[4–8] can probe the gas mass of star-forming
regions during the formation of first galaxies.
However, intensity maps of both 21 cm line and CO(1-
0) line are dominated by foregrounds which are typically
orders of magnitude brighter than the signals from the
EOR. At low redshifts, two-point cross-correlation of two
fields, e.g. the HI-galaxy survey cross-correlation[9–12]
or the CO-galaxy survey cross-correlation[13], can be ro-
bust against foregrounds because the foreground contam-
ination of each field, if any, is usually caused by differ-
ent sources. (In this case, see also a one-point cross-
correlation technique unbiased by foregrounds[14].) Un-
fortunately, that is not the case at high redshifts for
the EOR: the same set of Galactic and extragalactic
radio sources contribute to both 21 cm and CO fore-
grounds at the EOR, so both foregrouds depend on the
observed frequency with exactly the same power law,
even though their strengths are very different. Cross-
correlation between the 21 cm and CO(1-0) line inten-
sity maps[6, 7, 15], consequently, will be affected signif-
icantly by foregrounds. Thus sophisticated foreground
removal or avoidance techniques (see [16] and references
therein) must be implemented in order to measure the
auto-correlation as well as cross-correlation signals.
In a statistically isotropic universe, the two-point
cross-correlation function between any pair of fields δi
and δj , defined as ξij(x) = 〈δi(x′)δj(x′ + x)〉, is symmet-
ric under the exchange of the line-of-sight (LOS) coor-
dinates or equivalently the order of two fields. However,
evolution effect[17] can intrinsically break the parity sym-
metry along the LOS and cause the asymmetry of the
cross-correlation in the large-scale structure. This effect
is easy to understand: if the field δi evolves more rapidly
than the field δj , then whether δi is in front of, or be-
hind, δj would result in different cross-correlation for the
same physical separation. In principle, larger asymmetry
in cross-correlation is expected between two fields with
more distinctive evolution in cosmic time.
Cross-correlation between the HI 21 cm line and CO(1-
0) line intensity mapping from the EOR is indeed asym-
metric due to evolution effect. During the EOR, ultravi-
olet and X-ray photons emitted from the first luminous
objects ionize hydrogen atoms first in the surrounding
intergalactic medium and form bubbles of ionized hydro-
gen regions, and eventually these ionized bubbles fill the
whole Universe by z ' 6 [18]. We illustrate the evo-
lution of the 21 cm and CO line intensity maps with
a slice of lightcone box at three representative stages
of reionization in Fig. 1. While the CO(1-0) line in-
tensity maps mostly trace the cosmic density distribu-
tions that gradually form the filamentary structures, the
HI 21 cm line intensity maps reflect the distributions
of neutral hydrogen regions, showing the patchy pat-
terns that rapidly percolate towards the end of reion-
ization. This comparison clearly shows that the pro-
gressing of cosmic reionization is faster than the evolu-
tion of density fluctuations during the EOR. As such,
we expect that the HI-CO cross-correlation is strongly
asymmetric. The antisymmetric component of the cross-
correlation, ξAij(x) ≡ 12 [ξij(x)− ξji(x)], or equivalently
ξAij(x) =
1
2 [ξij(x)− ξij(−x)], contains independent sta-
tistical information[19, 20] complementary to the sym-
metric component that the term “cross-correlation” was
usually implicitly referred to in the literature.
Dipole.— We use the dipole of the HI-CO cross-power
spectrum as the antisymmetry estimator. The antisym-
metric component of the cross-correlation between two
fields δi and δj is Fourier dual to the imaginary part of
the cross-power spectrum, 12i
[〈
δ˜i(k1)δ˜j
∗
(k2)
〉
− c.c.
]
≡
(2pi)3δ
(3)
D (k1 − k2)P Iij(k1). Here “c.c.” stands for the
complex conjugate of the first term, and δ˜(k) is the
Fourier dual to the field δ(x). Since P Iij(k) = −P Iji(k),
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2FIG. 1. Evolution of brightness temperature maps. We show the 21 cm (top) and CO(1-0) maps (bottom) in a slice of simulated
lightcone box perpendicular to the LOS in a region of 384 comoving Mpc on each side inside the simulation volume, (from left
to right) at redshift z = 7.77, 8.48, and 9.96 (corresponding to global neutral fraction x¯HI = 0.25, 0.50, and 0.75 in our fiducial
model, i.e. with time flow from right to left), respectively.
P Iij(k) is called the “antisymmetric cross-power spec-
trum”. Note that P Iij(−k) = −P Iij(k), i.e. P Iij(k) is also
antisymmetric in k-space, so its averaging over a spheri-
cal k-shell (i.e. monopole) is zero, and only odd moments
are nonzero. The leading order in terms of the expansion
in spherical harmonics is the dipole. Thus we neglect
higher order terms and assume a simple template for ex-
tracting the dipole P Iij(k) = P
A
ij (k)Y10(θ). At a given
spherical k-shell, we first average P Iij(k) over polar angles
in a ring with the same azimuthal angle θ with respect
to the LOS (z-axis), and obtain the average, P Iij(k, θ). It
is straightforward to derive the variance of P Iij(k, θ)[21]
σ2P Iij
(k, θ) =
1
N(k, θ)
[
Pi(k)Pj(k)−
(
P Sij(k)
)2
+
(
P Iij(k, θ)
)2]
, (1)
where Pi(k) and Pj(k) are the auto-power spectrum of
the fields δi and δj , respectively, and P
S
ij(k) is their sym-
metric (i.e. real part of) cross-power spectrum. The
auto-power and the symmetric cross-power spectrum
only depend on the magnitude of wavenumber k be-
cause the lightcone effect for each separate statistics is
not important[22]. Here N(k, θ) is the number of cells in
the ring of (k, θ) in the upper hemisphere. We test that
σ2
P Iij
(k, θ) is always real and positive. Next, the dipole
PAij (k) and its variance can be estimated with χ
2-fitting
over all measures at different θ in the spherical k-shell.
The estimator of the dipole is
PAij (k) = σ
2
PAij
(k)
∑
θ
P Iij(k, θ)Y10(θ)
σ2
P Iij
(k, θ)
, (2)
where the variance of the dipole estimation is
σ2PAij
(k) =
[∑
θ
Y 210(θ)
σ2
P Iij
(k, θ)
]−1
. (3)
Mock signal .— We generate realizations of the 21 cm
and CO brightness temperature fields using the density
and ionized fraction data from semi-numerical simula-
tions with the code 21cmFAST[23][24]. Readers are re-
ferred to the companion Letter for details of the simula-
tions and our modeling of the 21 cm and CO signals. We
then interpolate the snapshots at different time to con-
struct the lightcone data cube along the LOS. To reduce
the interpolation error caused by insufficient sampling of
snapshots, we output the simulation results at 100 dif-
ferent redshifts from z = 12.22 to 6.56 (corresponding
to x¯HI = 0.95 to 0.01 in our fiducial model) in such a
manner that these redshifts correspond to the comoving
LOS distances with equal separation of 13.7 comoving
Mpc. To avoid the impact of periodic boundary condi-
tion, we only use the inner cubic region of 384 comoving
3FIG. 2. The dipole of the HI-CO cross-power spectrum, PA,
vs wavenumber k in our fiducial reionization model, when the
center of lightcone box is at z = 9.96 (green solid dots), 8.48
(blue solid dots), and 7.77 (black solid dots), respectively.
We fit the dipole to a modified power law (dashed lines). For
illustrative purpose, we also show the results in the hypotheti-
cal no-reionization scenario (open dots) and fit the dipole to a
power law (solid lines) at each central redshift. The error bars
are 1σ standard deviation for cosmic variance corresponding
to the simulation volume of 100 realizations.
Mpc on each side away from the boundary of the sim-
ulation box.[25] To mimic the observations from radio
interferometers, we subtract from the lightcone field the
mean of the 2D slice for each 2D slice perpendicular to
the LOS, because radio interferometers cannot measure
the mode with k⊥ = 0. This forms the mock lightcone
fields of δT21(x) and δTCO(x) in a cubic box with its loca-
tion marked by its central redshift z. The Fourier trans-
forms of the two fields are used to compute the cross-
power spectrum and then its dipole, PAHI−CO(k), using
the aforementioned prescription. Note that the antisym-
metric cross-power spectrum flips its sign if the order
of cross-correlation is swapped, so we fix our convention
that the order of cross-correlation is HI-CO throughout
the Letter, and thus the subscript “HI-CO” in the no-
tation of the dipole PAHI−CO(k) is dropped for the rest
of this Letter. Finally, we vary the initial condition and
generate 100 different realizations, in order to lower the
cosmic variance of dipole from simulations.
Generic feature.— In Fig. 2 we plot the dipole of the
HI-CO cross-power spectrum PA(k). If, hypothetically,
the universe was not reionized, i.e. xHI = 1 everywhere all
the time, we find that the HI-CO dipole is generically pos-
itive, and it fits to a power law, PA(k) = ANR(k/k∗)−nNR
at each redshift of the box center (hereafter “central
redshift”), where we choose k∗ = 1hMpc−1. On the
other hand, in the fiducial reionization simulation, while
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FIG. 3. Illustration of the evolution effect for antisymmetric
cross-correlation, in a universe (a) with no reionization, and
(b) with inside-out reionization.
the signal is initially too small to be distinguished from
its cosmic variance at high redshifts, we find that the
dipole is generically negative, and it fits to a power
law at large scales with suppression at small scales,
PA(k) = −AR(k/k∗)−nR exp [−βR(k/k∗)αR ] at each cen-
tral redshift.
The sign of the antisymmetric cross-correlation can be
explained by the evolution effect as illustrated in Fig. 3.
In the hypothetical no-reionization scenario, the 21 cm
fluctuations are simply equal to the matter density fluc-
tuations which evolve relatively slowly during the EOR.
Since the CO bias decreases with time[6], the CO bright-
ness temperature fluctuations decrease with time sta-
tistically, too. Therefore, the HI-CO cross-correlation
is stronger in the back end than in the front end, i.e.
〈δ21cm(x′)δCO(x′ + x)〉 > 〈δ21cm(x′)δCO(x′ − x)〉. Thus
the HI-CO antisymmetric cross-correlation is positive, or
ξAHI−CO(x) > 0. On the other hand, in the reionization
simulations, the universe is reionized with “inside-out”,
i.e. overdense regions are reionized earlier on average, so
the 21 cm and CO fluctuations are anti-correlated (i.e.
their cross-correlation is negative) at large scales. Since
reionization proceeds much faster than the CO bias evo-
lution, the evolution effect due to reionization dominates
over that due to the change of CO bias. Since the 21 cm
fluctuations grow with time, the CO-HI cross-correlation
is weaker in the back end than in the front end, i.e.
|〈δCO(x′)δ21cm(x′ + x)〉| < |〈δCO(x′)δ21cm(x′ − x)〉|, so
〈δCO(x′)δ21cm(x′ + x)〉 > 〈δCO(x′)δ21cm(x′ − x)〉, thus
ξACO−HI(x) > 0. So the HI-CO antisymmetric cross-
correlation is negative, or ξAHI−CO(x) < 0. This picture
is applied for a general class of inside-out reionization
models, so the sign of the HI-CO antisymmetric cross-
correlation can tell whether or not inside-out reionization
happens during some interval of time, regardless of the
detail of reionization models.
Foreground .— To generate the mock foregrounds for
4FIG. 4. The impact of foreground contamination. We show
the fractional change (PAf − PA)/PA vs the wavenumber k,
in terms of PAf , the dipole when foregrounds are applied to
the 21 cm and CO intensity maps, and PA, the dipole with
complete removal of foregrounds. We show the results for
the hypothetical no-reionization scenario (top) and the fidu-
cial reionization model (bottom) at three redshifts z = 7.77
(black), 8.48 (blue) and 9.96 (green).
redshifted 21 cm and CO line, we employ the code
Cora[26], which uses the technique described in [27]. This
code considers four sources of foregrounds — Galactic
synchrotron, Galactic free-free, extragalactic diffuse free-
free and extragalactic point sources. At a given observed
frequency, it generates random numbers with Gaussian
distribution as real and imaginary parts of the foreground
in the 2D Fourier space, which satisfies the analytical
form of the foreground power spectrum in [28], and then
generates a 2D foreground map in the configuration space
at a given frequency by the inverse Fourier transforma-
tion. To create a 3D foreground data cube, we generate
with Cora the map of 2D slice perpendicular to the LOS
at each observed frequency for the 21 cm or CO line emit-
ted from the comoving positions of that 2D slice, and
then combine these 2D maps to form a 3D data cube.
In this Letter, we only consider unpolarized foregrounds,
and neglect the contribution of other molecular line emis-
sions to the CO foreground[6]. We also assume that the
foregrounds are completely uncorrelated with the 21 cm
and CO signals from the EOR.
In Fig. 4 we compare the dipoles with foreground-
contaminated maps and with foreground-free maps. For
both inside-out reionization and the hypothetical no-
reionization scenario, we find that the fractional differ-
ence between the dipoles with and without foreground
is less than one part in 100,000. In other words, the
HI-CO dipole is robust against foregrounds, and thus
can be measured directly from the observed, foreground-
contaminated, data. This advantage makes the dipole
analysis a clean method to extract the information from
the 21 cm and CO maps during the EOR.
This result can be explained by the fact that both
21 cm and CO foregrounds are caused by the same set
of radio sources and therefore depend on the observed
frequency with exactly the same power law, even though
their strengths are orders of magnitude different. The
foreground on a 3D data cube is generated by mapping
the observed frequency of foreground to the correspond-
ing comoving distance and cosmic time on the lightcone.
Consequently, the 21 cm and CO foregrounds appear to
“co-evolve” at the same pace on the lightcone. The evo-
lution effect of antisymmetric cross-correlation for such
two “co-evolving” foreground fields is negligible, and thus
has no impact on the HI-CO dipole.
Discussions.— Other effects may contribute to the
asymmetry as well, but they are suppressed at high red-
shifts. First, the field of view for radio interferomet-
ric observations corresponds to only a few hundred co-
moving Mpc at the EOR, at which scale the relativistic
distortions[17, 29–32] are not important. Secondly, the
wide-angle effect[33] is negligible for this field of view, and
the distant-observer assumption holds well at the high
redshifts. Also, the large-angle effect[33] is irrelevant be-
cause different choices of angle used to measure the an-
tisymmetry do not make difference under this assump-
tion. Lastly, gravitational lensing[17, 34] of the 21 cm
line is a secondary, higher-order, effect. Since the HI-
CO antisymmetric cross-correlation is dominated by the
evolution effect due to reionization, it contains the infor-
mation regarding the progressing of reionization, so we
propose to extract this new signal, which is unbiased by
foregrounds, as a clean probe of cosmic reionization. In
the companion Letter, we will explore the astrophysical
application of the HI-CO dipole.
In principle, the HI 21 cm map can be cross-correlated
with other tracers of cosmological density fluctuations
from the EOR, e.g. [CII][35] or other molecular line in-
tensity maps, or high-redshift galaxy surveys[36, 37], if
possible. As the evolution effect due to cosmic reion-
ization dominates over that of the density fluctuations,
we expect that the dipole of the cross-power spectrum
between the 21 cm and a generic probe of density fluc-
tuations from the EOR can be a class of new probes for
cosmic reionization that have similar features.
Note.– While [38] was posted on the arXiv earlier than
this Letter, the proposal of using antisymmetric cross-
correlation between the 21 cm and CO line intensity maps
as a new probe of cosmic reionization was originally pre-
sented with main results by Y.M. in his talk at the 2019
LIM conference held at the CCA, NYC, as acknowledged
by [38] itself. Our Letter has essentially least overlap-
ping with [38] but this proposal. [38] focused on the
antisymmetric part of angular cross-power spectrum and
its application to a special reionization model, instead of
5generic features.
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7SUPPLEMENTAL MATERIAL
Variance.— We derive the variance of antisym-
metric cross-power spectrum (Eq. 1) here. We
start from the definition in the discretized form,
VtotP
I
ij(k) =
1
2i
[
δ˜i(k)δ˜j
∗
(k)− δ˜i
∗
(k)δ˜j(k)
]
, where
Vtotδk,k′ → (2pi)3δ(3)D (k − k′) in the limit Vtot → ∞.
This yields
〈
P Iij(k)P
I
ij(k
′)
〉
= − 1
4V 2tot
〈[
δ˜i(k)δ˜j
∗
(k)− δ˜i
∗
(k)δ˜j(k)
] [
δ˜i(k
′)δ˜j
∗
(k′)− δ˜i
∗
(k′)δ˜j(k′)
]〉
= − 1
4V 2tot
{〈
δ˜i(k)δ˜j
∗
(k)δ˜i(k
′)δ˜j
∗
(k′)
〉
−
〈
δ˜i(k)δ˜j
∗
(k)δ˜i
∗
(k′)δ˜j(k′)
〉
+ c.c.
}
= − 1
4V 2tot
{〈
δ˜i(k)δ˜j
∗
(k)
〉〈
δ˜i(k
′)δ˜j
∗
(k′)
〉
+
〈
δ˜i(k)δ˜i(k
′)
〉〈
δ˜j
∗
(k)δ˜j
∗
(k′)
〉
+
〈
δ˜i(k)δ˜j
∗
(k′)
〉〈
δ˜j
∗
(k)δ˜i(k
′)
〉
−
〈
δ˜i(k)δ˜j
∗
(k)
〉〈
δ˜i
∗
(k′)δ˜j(k′)
〉
−
〈
δ˜i(k)δ˜i
∗
(k′)
〉〈
δ˜j
∗
(k)δ˜j(k
′)
〉
−
〈
δ˜i(k)δ˜j(k
′)
〉〈
δ˜j
∗
(k)δ˜i
∗
(k′)
〉
+ c.c.
}
=
〈
P Iij(k)
〉 〈
P Iij(k
′)
〉
+
1
2
[
δk,k′ − δk,−k′
] [
Pi(k)Pj(k)−
(
P Sij(k)
)2
+
(
P Iij(k)
)2]
.
Here “c.c.” stands for the complex conjugate of the pre-
ceding terms. In the third line above, we used the
Wick theorem. Since P Iij(−k) = −P Iij(k), the −k mode
is not independent from the k mode, so we only con-
sider the upper hemisphere in k-space, and the vari-
ance combines the contribution from both k and −k
modes, i.e. σ2
P Iij
(k) =
[〈(
P Iij(k)
)2〉 − 〈P Iij(k)〉2] −[〈
P Iij(k)P
I
ij(−k)
〉− 〈P Iij(k)〉 〈P Iij(−k)〉]. Therefore
σ2P Iij
(k) = Pi(k)Pj(k)−
(
P Sij(k)
)2
+
(
P Iij(k)
)2
.
When average the signal over modes with the same (k, θ),
the variance is reduced by a factor of N(k, θ) (the number
of these modes in the upper hemisphere), and thus we
find Eq. (1).
Effect of redshift-bin size and finite simulation box .—
Not only does the antisymmetric cross-power spectrum
depend on the central redshift of a volume, but also it de-
pends on the frequency bandwidth or the size of redshift-
bin, corresponding to the physical size of the correlated
fields. While large redshift-bin size enlarges the accessi-
ble scales of dipole, it may also smooth out small-scale
asymmetry across different cosmic time, if any. Another
issue is the effect of the periodic boundary condition on
a finite simulation volume which may also cause system-
atic errors to the theoretical computation of the dipole
from simulations.
To test these effects, we consider three scenarios for the
cross-correlation — (i) using the full simulation volume
(768 comoving Mpc on each side), (ii) using the inner cu-
bic region of 384 comoving Mpc on each side away from
the boundary of box, and (iii) further shrinking the cross-
correlated volume to 192 comoving Mpc on each side. In
Supplemental Material Fig. 1, the results of (384 Mpc)3
volume agree with those of (192 Mpc)3 volume, while the
results of full volume significantly over-/under-estimate
the magnitude of dipole at the earlier/late time. As such,
the redshift-bin size corresponding to 384 comoving Mpc
is a trade-off between accessing the large-scale modes and
keeping small-scale asymmetry, which also avoids the fi-
nite box effect in our simulations. Our analysis in this
Letter, therefore, used the data cube constructed from
the inner cubic region of 384 comoving Mpc on each side
away from the boundary of simulation box.
8Supplemental Material FIG. 1. Effect of redshift-bin size and finite simulation box. We show the dipole of the HI-CO cross-
power spectrum PA vs central redshift z for our fiducial reionization model at the fixed wavenumber k = 0.30hMpc−1 (left)
and k = 0.60hMpc−1 (right). The results are obtained by cross-correlating the fields in the full simulation volume of 768
comoving Mpc on each side (black), in the inner cubic region of 384 comoving Mpc on each side away from the boundary of
box (green), or shrinking the fields to even smaller size of 192 comoving Mpc on each side (blue), respectively. The error bars
are 1σ standard deviation for cosmic variance corresponding to the simulation volume of 100 realizations.
